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Abstract. We investigate effect of higher Landau levels on the transverse thermoelectric conduc-
tivity αxy, describing the Nernst effect in high-Tc superconductors, by using the time-dependent
Ginzburg-Landau theory in two-dimensional model with thermal noise. The transverse thermo-
electric conductivity is calculated in the self-consistent Gaussian approximation. Our results in-
dicate that the contribution of higher Landau levels is less than that of lower Landau levels to the
transverse thermoelectric conductivity. Our results are in good agreement with experimental data
on high-Tc superconductor.
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I. INTRODUCTION
Recently the Nernst effect in high-Tc superconductors has attracted attention both theoret-
ically [1–5] and experimentally [6–11]. The electric field is induced in a metal under magnetic
field by the temperature gradient ∇T perpendicular to the magnetic field H, phenomenon known
as the Nernst effect [1]. In the mixed state the Nernst effect is large due to vortex motion, while in
the normal state and in the vortex lattice or glass states it is typically smaller. The appearance of a
fluctuation tail above the critical temperature in the Nernst signal was observed in strongly type-II
superconductors, both low-Tc like NbSe2 and Nb0.15Si0.85 films [12] and several different high-
temperature materials [6, 7, 10, 11]. The Nernst effect therefore is a probe of thermal fluctuations
phenomena in the vortex matter.
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The time-dependent Ginzburg-Landau equation has been remarkably successful in describ-
ing various transport properties (including the Nernst effect) [1, 3, 5, 13, 14]. However, this de-
scription becomes very complicated when fluctuations are of importance. Some progress can be
achieved when certain additional assumptions are made. One of the often made additional assump-
tion is that only the lowest Landau level (LLL) significantly contributes to physical quantities of
interest [3, 13, 15, 17]. There is a debate however on how restrictive the LLL approximation actu-
ally is. When fluctuations are included one can argue using Hartree approximation [18] that the
LLL range of validity is even smaller. Therefore, one should consider higher Landau levels (HLL)
contributions to physical quantities.
In this paper we explicitly calculate the effects of HLL on the transverse thermoelectric
conductivity αxy by using the time-dependent Ginzburg-Landau theory in the two-dimensional
(2D) model with thermal noise. We obtain explicit expressions for the transverse thermoelectric
conductivity αxy depending on Landau levels. The HLL contribution to the transverse thermoelec-
tric conductivity αxy is analyzed. We also compare the result including HLL with experimental
data on high-Tc superconductor.
The paper is organized as follows. The model is defined in Sec. II. The comparison with
experiment is presented in Sec. III. We conclude in Sec. IV.
II. THEORY
II.1. The Ginzburg - Landau Model in 2D
The Ginzburg-Landau free energy in 2D is
F = s
∫
d2r
{
h¯2
2m∗
|Dψ|2+a|ψ|2+ b
′
2
|ψ|4
}
, (1)
where s is the order parameter effective “thickness”, the covariant derivatives are defined by
D≡ ∇− i(2pi/Φ0)A with A= (−By,0) describing a constant and practically homogeneous mag-
netic field and Φ0 = hc/e∗, e∗ = −2e > 0. For simplicity we assume linear dependence a(T ) =
αT m fc (t − 1), t = T/T m fc , although the temperature dependence can be easily modified to better
describe the experimental coherence length. It is higher than measured critical temperature due to
strong thermal fluctuations on the mesoscopic scale.
In order to study transport phenomena in superconductors, one uses the time-dependent
Ginzburg-Landau (TDGL) equation
Γ−10
(
∂
∂ t
+ i
e∗
h¯
φ
)
ψ =− δF
δψ∗
+ζ . (2)
Explicitly the TDGL equation for the superconducting order parameter is
Γ−10
(
∂
∂ t
+ i
e∗
h¯
φ
)
ψ =
h¯2
2m∗
D2ψ−aψ−b′|ψ|2ψ+ζ , (3)
where φ (r) is the scalar potential describing electric field. To incorporate the thermal fluctuations
via Langeven method, the noise term ζ (r, t), having Gaussian correlations
s〈ζ ∗(r, t)ζ (r′, t ′)〉= 2TΓ−10 δ (r− r′)δ (t− t ′), (4)
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is introduced. Here δ (r− r′) is the two dimensional δ function of the in-plane coordinates, and
Γ−10 is the relaxation time rate.
The heat current density in GL model reads
jh =− h¯
2
2m∗
〈(
∂
∂ t
− i e
∗
h¯
φ
)
Ψ∗
(
∇− i 2pi
Φ0
A
)
Ψ
〉
+ c.c. · (5)
II.2. Solution of TDGL in the self-consistent Gaussian approximation
A simple approximation which captures the most interesting fluctuations effects in the self-
consistent Gaussian approximation (see [16] for details), in which the cubic term in the GL equa-
tion Eq. (3) b′|ψ|2ψ is replaced by a linear one 2b′ 〈|ψ|2〉ψ
Γ−10
∂
∂ t
ψ(r, t) =
(
h¯2
2m∗
D2− a˜
)
ψ(r, t)+ζ (r, t), (6)
lead to the “renormalized” value of the coefficient:
a˜ = a+2b′〈|ψ|2〉. (7)
The formal solution of this equation is
ψ(r, t) =
∫
dr′
∫
dt ′R0(r, t;r′, t ′)ζ (r′, t ′), (8)
where R0 is the equilibrium Green function.
In the Landau gauge, one has
R0(r, t;r′, t ′) =
1
4pi2
(
m∗ωB
h¯
)1/2 ∫
ω,y˜0
R0(y˜, y˜′,ω, y˜0)e−i(m
∗ωB/h¯)1/2y˜0(x−x′)eiω(t−t
′), (9)
where y˜ = (m∗ωB/h¯)1/2y with ωB = e∗B/m∗c, and y˜0 = −(h¯/m∗ωB)1/2kx, kx is the x component
of the vector momentum and
R0(y˜, y˜′,ω, y˜0) =
(
m∗ωB
h¯pi
)1/2
exp
[−(y˜− y˜0)2/2− (y˜′− y˜0)2/2]∑
n
1
2nn!
Hn(y˜− y˜0)Hn(y˜′− y˜0)
(iΓ−10 ω+En)
,
(10)
with the energy eigenvalues
En =
(
n+
1
2
)
h¯ωB+ a˜, (11)
while Hn are the Hermite polynomials.
In equilibrium, 〈|ψ(r, t)|2〉 is
〈|ψ(r, t)|2〉= T
2pis
m∗ωB
h¯
N
∑
n=0
1
En
. (12)
Thus equation (7) becomes
εb = ε˜b−2ωb T
T m fc
N
∑
n=0
1
ε˜b+2nb
, (13)
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where the reduced temperature is defined as ε = a/αT m fc , εb = ε+b, (with similar expression for
ε˜ and ε˜b), ω =
√
2Gipi with Gi≡ 12
(
8e2κ2ξ 2T m fc
c2h¯2s
)2
being the Ginzburg parameter characterizing the
strength of thermal fluctuations on the mesoscopic scale. The ultraviolet cutoff Λ was introduced.
It effectively limits the number of Landau levels to N = Λb −1.
The equation (13) can be written as follows
εrb = ε˜b−
ωtc
2pi
[ f (ε˜b/2b)− log(2b)] , (14)
where the critical temperature Tc is significantly renormalized: εrb = εb+ωtc logΛ, ε
r
b = a/αTc+
b, tc = T/Tc, ω =
√
2Gipi with Gi ≡ 12
(
8e2κ2ξ 2Tc
c2h¯2s
)2
(T m fc is now replaced by Tc) and f (x) is the
polygamma function.
II.3. The transverse thermoelectric conductivity
We assume that the weak electric field E is along the y axis, generated by the scalar potential
φ =−Eyy. The heat and the electric current in the vortex liquid phase can be written
jh =− h¯
2
2m∗
[
D(r)
(
∂
∂ t ′
− i e
∗
h¯
φ
(
r′
))
+D∗
(
r′
)( ∂
∂ t
+ i
e∗
h¯
φ (r)
)]
C(r, t;r′, t ′)|r=r′;t=t ′ , (15)
where
C(r, t;r′, t ′) =
2Γ−10 T
s
∫
r1,t1
R(r, t;r1, t1)R∗(r′, t ′;r1, t1), (16)
with R is the Green function of the linearized TDGL equation in the presence of the scalar poten-
tial. One finds correction to the Green function to linear order in the electric field
R(r, t;r′, t ′) = R0(r, t;r′, t ′)− i e
∗Γ−10
h¯
∫
r1,t1
φ(r1)R0(r, t;r1, t1)R0(r1, t1;r′, t ′). (17)
The transverse thermoelectric conductivity is obtained by expanding the correlation func-
tion to linear order in the electric field. The correlation function C in terms of the Green function
R0 using Eqs. (19), (16) and (17) takes a form
C(r, t;r′, t ′) =C0(r, t;r′, t ′)+C1
(
r, t;r′, t ′
)
, (18)
where
C0(r, t;r′, t ′) =
2Γ−10 T
s
∫
r1,t1
R0(r, t;r1, t1)R∗0(r
′, t ′;r1, t1), (19)
C1(r, t;r′, t ′) = i
e∗Γ−10
h¯
∫
r1,t1
φ(r1)
[
R∗0(r
′, t ′;r1, t1)C0(r, t;r1, t1)−R0(r, t;r1, t1)C∗0(r′, t ′;r1, t1)
]
.
(20)
In order to determine the transverse thermoelectric conductivity, we need to compute the x compo-
nent of the heat current to the first order in the electric field. In the chosen gauge, the heat current
along the x direction also contains two terms. The term coming from C0 vanishes: j
(h)x
0 = 0. It is
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possible to interpret easily that C0 is the equilibrium correlation function which does not contribute
to the current. Considering the C1
j(h)x1 =
(e∗)2
pimcs
EyBkBT ∑
n=0
[
n+1/2
2En
− n+1
En+En+1
]
. (21)
By an Onsager relation [1, 3], αxy can be obtained from the heat current response to an
electric field
αxy =
e∗kBb
2h¯pis
N
∑
n=0
[
n+1/2
2nb+ ε˜b
− n+1
2(n+1/2)b+ ε˜b
]
=
e∗kB (b− ε˜b)
4h¯pibs
[
f
(
ε˜b
2b
)
− f
(
ε˜b
2b
+
1
2
)]
. (22)
III. COMPARISONWITH EXPERIMENT
We compare the transverse thermoelectric conductivity equation (22) including all Landau
levels with the experimental data of Wang et al. [8] on an overdoped La2−xSrxCuO4 sample with
Tc = 28 K. The comparison is presented in Fig. 1. The parameters we obtained from the fit are:
Hc2(0) = 45 T (corresponding to ξ = 27A˚), κ = 69,s = 7.6A˚ (corresponding to ω ' 0.1), which
is roughly in agreement in magnitude with the value of s = 6.6A˚ in [19]. With these values, our
calculation gives good agreement with the experimental data.
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Fig. 1. Points are the transverse thermoelectric conductivity at temperatures T=20 K in
reference [8]. The solid line is our result including all Landau levels.
Using the parameters specified above we plot several theoretical curves. In Fig. 2, de-
pendence of the transverse thermoelectric conductivity on magnetic field is shown for different
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temperatures. At given magnetic field, as the temperature increases, the transverse thermoelectric
conductivity decreases. In Fig. 3, we estimate contribution of HLL to the transverse thermoelec-
tric conductivity. When the number of Landau levels N increases, the curves get closer together
which means the contribution of HLL with N ≥ 4 to the transverse thermoelectric conductivity is
not significant.
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Fig. 2. The thermoelectric conductivity including all Landau levels as a function of mag-
netic field for different temperatures.
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Fig. 3. The thermoelectric conductivity as a function of magnetic field at temperature
T=20 K. The arrow indicates the increasing number of Landau levels.
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IV. CONCLUSIONS
We have investigated the contribution of higher Landau levels to the transverse thermo-
electric conductivity of high-Tc superconductor using the self-consistent Gaussian approximation
within the time-dependent Ginzburg- Landau theory with thermal noise.
Our results include higher Landau levels and are presented using both the strength of the
thermal fluctuation ω and more often used Ginzburg number Gi. The results are compared to the
experimental data on an overdoped La2−xSrxCuO4 materials for temperatures close to Tc. This
comparison is also in good quantitative agreement. Our results also show that the contribution of
higher Landau levels with N ≥ 4 to the transverse thermoelectric conductivity is not significant.
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